Aims/hypothesis We hypothesised that pathological endoplasmic reticulum (ER) stress contributes to beta cell death during development of type 1 diabetes. In this study, we investigated the occurrence of beta cell ER stress and the signalling pathways involved during discrete stages of autoimmune diabetes progression. The virus-inducible BBDR rat model was used to systematically interrogate the three main ER stress signalling pathways (IRE1 [inositol-requiring protein-1], PERK [doublestranded RNA-dependent protein kinase (PKR)-like ER kinase] and ATF6 [activating transcription factor 6]) in pancreatic beta cells during type 1 diabetes development.
Introduction
Pancreatic beta cells have a highly developed endoplasmic reticulum (ER) in order to meet the heavy demand for insulin biosynthesis. Rapid changes in insulin requirements and/or deleterious alterations in the beta cells' environment may cause accumulation of misfolded proteins and lead to a cellular adaptive response termed the unfolded protein response (UPR) [1] . Three ER transmembrane proteins are known to sense ER stress: IRE1 (inositol-requiring protein-1), PERK (double-stranded RNA-dependent protein kinase [PKR]-like ER kinase) and ATF6 (activating transcription factor 6). Each of these transducers activates separate, but integrated, arms of the UPR to mitigate ER stress by decreasing protein translation, degrading misfolded proteins and increasing the levels of ER-resident chaperones to aid in protein folding [2] [3] [4] . Under conditions of unresolved ER stress, however, the UPR may initiate an ER stress-mediated apoptotic pathway [5] . Thus, the UPR may serve to underlie both physiological and pathological functions.
Unresolvable ER stress has been proposed to play a role in beta cell death during the progression of both type 1 and type 2 diabetes based on in vitro studies [6] [7] [8] [9] . In support of this, pancreatic islets of patients with type 2 diabetes are more susceptible to high-glucose-induced ER stress than islets from non-diabetic controls [9] and, recently, increased levels of a few ER stress markers were found in islets from individuals with type 1 diabetes compared with non-diabetic controls [10] . A report in the NOD mouse, a well-studied animal model of spontaneous autoimmune diabetes, demonstrates that beta cell ER stress occurs in 6-to 10-week-old female mice before the onset of diabetes [11] . However, because of the incomplete penetrance (∼70%) and variable time to insulitis and onset of hyperglycaemia in this model, it is difficult to conclude whether beta cell ER stress contributes to, or is merely a consequence of, autoimmunity development. To elucidate this, we used the virus-inducible BioBreeding Diabetes Resistant (BBDR) rat, which develops autoimmune diabetes at levels approaching 100% in ∼2 weeks following infection [12, 13] . Because the appearance of insulitis and subsequent development of hyperglycaemia follow predictable kinetics, this rat model allowed us to investigate ER stress signalling in pancreatic beta cells at discrete time points both before and during insulitis (lymphocytic infiltration of islets), the hallmark of autoimmunity.
Methods
Animals BBDR rats were bred at the University of Massachusetts or obtained from BRM (Worcester, MA, USA). Rats were housed in a viral-antibody-free facility and maintained in accordance with the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 1996) and guidelines of our Institutional Animal Care and Use Committee.
Diabetes induction BBDR rats of either sex and 21-24 days old were injected intraperitoneally with polyinosinic: polycytidylic acid (pIC; Sigma-Aldrich, St Louis, MO, USA) (2 μg/g body weight) on three consecutive days (days −3, −2 and −1); pIC was dissolved in Dulbecco's PBS. Rats received a single i.p. dose of 1×10 7 plaque-forming units of Kilham rat virus (KRV) on day 0. Control rats received i.p. injections of PBS on the same days. Beginning at day 10 or 11 after KRV treatment, rats were tested for glycosuria (Clinistix; Bayer, Elkhart, IN, USA). Diabetes was confirmed by blood glucose concentration >14 mmol/l on two consecutive days (AccuChek Aviva; Roche Diagnostics, Indianapolis, IN, USA).
Islet isolation
In some experiments, pancreatic islets from BBDR rats were harvested by collagenase digestion as previously described [14] . Freshly isolated islets were snap frozen with liquid nitrogen and stored at −80°C until use.
Immunoblot analysis Rat islets were lysed with T-PER tissue protein extraction reagent (Thermo Scientific, Rockford, IL, USA) and protein concentrations were determined by bicinchoninic acid protein assay (Sigma-Aldrich). Protein samples were mixed with 4× SDS-PAGE loading buffer (240 mmol/l Tris/HCl pH 6.8, 40% glycerol, 8% SDS, 0.04% bromophenol blue, and 5% beta-mercaptoethanol) and loaded onto 4-20% pre-cast Tris-glycine gradient gels (Invitrogen, Grand Island, NY, USA) along with ladder marker (Gibco, Grand Island, NY, USA) and run at 150 V for 1.5 h. Gels were transferred onto nitrocellulose membranes with iBlot (Invitrogen), blocked with 5% non-fat milk for 1 h and placed in primary antibody overnight at 4°C. Membranes were washed three times in Trisbuffered saline Tween (TBST) and placed in secondary antibody at room temperature for 1 h. Membranes were washed three times in TBST, developed with enhanced chemiluminescence (Gibco) and imaged using Kodak chemiluminescent film. Densitometric analyses were performed with Photoshop, all protein levels were normalised to actin levels and presented as average ± SD.
Immunofluorescence staining Rat pancreas specimens were frozen in Tissue-Tek O.C.T. (Sakura Finetek USA, Torrance, CA, USA) with liquid nitrogen. Sections 5 μm thick were cut with a cryostat (Leica, Buffalo Grove, IL, USA) and stored at −80°C. Sections were fixed before staining with a mixture of ethanol and 0.1% of trichloroacetic acid for 15 min, then blocked with PBS-AT (500 ml PBS, 10 g BSA grade J and 12.5 ml of 20% Triton X-100). Sections were incubated with primary and secondary antibodies at room temperature for 1 h, separated by three washes in PBS. Mounting medium (Vectashield with DAPI; Vector Laboratories, Burlingame, CA, USA) was added to the sections after three washes in PBS. Images were captured using spinning disk confocal microscopy on a Nikon Eclipse TE2000-E microscope (Melville, NY, USA) and analysed using MetaMorph software (Molecular Devices, Downington, PA, USA).
Antibodies
The following antibodies were used for immunoblots: rabbit anti-human phosphospecific (Ser724) IRE-1α (Novus, Littleton, CO, USA); rabbit anti-human IRE-1α, rabbit anti-mouse caspase-12 and rabbit anti-mouse phospho-PERK (p-PERK, Thr980, 16F8) (Cell Signaling, Danvers, MA, USA); rabbit anti-human XBP-1, rabbit anti-PKR, rabbit anti-p-eIF2a (Ser51) and rabbit anti-human PERK (Abcam, Cambridge, MA, USA); mouse anti-human ATF6 (Imgenex, San Diego, CA, USA) and rabbit anti-human caspase-3 (H-277), rabbit anti-mouse CHOP (F-168) and rabbit anti-insulin (Santa Cruz Biotechnology, Dallas, TX, USA). Mouse anti-actin (Chemicon International, Billerica, MA, USA) was used as a loading control. Secondary antibodies, anti-rabbit and antimouse IgG-horseradish peroxidase conjugates were from Santa Cruz Biotechnology.
For immunofluorescence staining, in addition to the antibodies described above, frozen sections were stained with mouse anti-insulin (Sigma-Aldrich), guinea pig anti-insulin (Dako, Carpinteria, CA, USA) and chicken anti-insulin (Abcam). Secondary antibodies, Alexa Fluor 488 and 592 goat anti-mouse, anti-rabbit, anti-guinea pig and anti-chicken were from Invitrogen. Isotype controls were from Pharmingen (San Diego, CA, USA).
Statistical analysis Statistical analysis was performed by
Kaplan-Meier or unpaired t test using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA). A p value of less than 0.05 was considered to be statistically significant.
Results
Insulitis and diabetes onset in virus-induced BBDR rats follow a predictable time course We had reported previously that the kinetics of type 1 diabetes development in the virus-inducible BBDR rat model follows a consistent time course [12, 13] . To confirm this finding we treated BBDR rats with KRV + pIC or PBS; as expected, most KRV + pIC-treated rats progressed to diabetes by day 14 ( Fig. 1 ). In addition, we assessed pancreatic islet morphology at selected time points following treatment (see ESM Methods). Haematoxylin and eosin (H&E) staining of pancreas sections demonstrated that insulitis was first detectable at day 11 following KRV + pIC treatment, with more severe insulitis by day 14 ( ESM Fig. 1a) . Consistent with our H&E staining, islet-infiltrating CD3-positive T lymphocytes were first observed at day 11, with considerable infiltration by day 14 ( ESM Fig. 1b ). Based on these data and our earlier studies, we chose to investigate ER stress signalling pathways in pancreatic beta cells at discrete time points: day 4 and day 7 post infection but before development of insulitis and days 11-14 during the onset and progression of insulitis but before the development of overt hyperglycaemia.
IRE1 phosphorylation and downstream activation of X-boxbinding protein 1 start at early, pre-insulitic stages and continue throughout diabetes development To investigate the occurrence of beta cell ER stress signalling during the development of virus-induced type 1 diabetes, we first examined the IRE1 pathway. Immunoblot analysis showed that active (phosphorylated) IRE1 was undetectable in lysates of pancreatic islets isolated from PBS-treated control rats, whereas IRE1 was highly active (phosphorylated) in islets isolated from rats at day 4 following KRV + pIC treatment, indicating upregulated IRE1 signalling (Fig. 2a) . The ratio of phosphorylated to total IRE-1 in islets from KRV + pIC-treated rats was maintained through to day 7, as well as during later insulitic stages (day 11-14) of diabetes development (Fig. 2b ).
An important downstream component in the IRE1 pathway is X-box-binding protein 1 (XBP-1). Activated IRE1 has an endoribonuclease activity, which generates a spliced, active form of XBP-1 that can translocate to the nucleus [15] . Expression of the active (spliced) form of XBP-1 was upregulated at day 4 post infection and was sustained throughout diabetes induction, whereas the level in control rats was undetectable (Fig. 3a, b) . Levels of the inactive (unspliced) form of XBP-1 Fig. 1 BBDR rats treated with KRV + pIC develop autoimmune type 1 diabetes with a predictable time course. BBDR rats were monitored for development of diabetes following KRV + pIC treatment; shown is a Kaplan-Meier plot for KRV + pIC-(n =51, squares) compared with PBStreated rats (n =12, triangles), ***p <0.001 were similar in both control and diabetes-induced rats. To verify XBP-1 activation specifically in pancreatic beta cells, we stained pancreas sections from control and KRV + pICtreated rats for insulin and XBP-1. Pancreas sections from KRV + pIC-treated rats showed distinct nuclear XBP-1 staining in insulin-positive beta cells throughout diabetes induction, consistent with XBP-1 activation, while the staining in PBStreated rats was negligible (Fig. 3c) . Interestingly, alpha cells have recently been reported to undergo ER stress [16] ; we also observed activated (nuclear) XBP-1 staining in glucagonpositive alpha cells of KRV + pIC-treated rats (ESM Fig. 2 ).
ER stress-specific caspase 12 activation occurs at early, preinsulitic stages in pancreatic islets of KRV + pIC-treated rats Caspase 12 is an ER-localised pro-apoptotic protein that is activated specifically through the IRE1 signalling pathway in response to pathological ER stress [17, 18] . We investigated whether upregulated IRE1 signalling in the islets of virusinduced BBDR rats had transitioned to pathological ER stress by measuring the expression of the activated (cleaved) form of pro-apoptotic caspase 12. Elevated levels of activated caspase 12 were found in isolated islets of KRV + pIC-treated rats beginning at day 4, well before the onset of insulitis, as well as at day 7 and later, insulitic stages (day 11-14) of diabetes induction (Fig. 4a, b) .
To determine caspase 12 expression specifically in beta cells, we co-stained pancreatic sections from PBS (control)-and KRV + pIC-treated rats for insulin and caspase 12. Islets from control rats showed robust insulin expression with very low or undetectable staining for caspase 12 (Fig. 4c) . In contrast, by day 14 of virus infection, we observed that many islets consisted of beta cells with dramatically increased IRE-1α (p-IRE-1α, Ser724) and total IRE-1α (t-IRE-1α); actin was used as loading control. (b) Densitometric analysis (average ± SD, n =3) of p-IRE-1α/t-IRE-1α ratio; **p <0.01 and ***p <0.001 compared with PBS-treated rats caspase 12 staining in conjunction with greatly reduced insulin levels.
Activation of effector caspase 3 occurs before insulitis in pancreatic islets of KRV + pIC-treated rats We also examined the activation of caspase 3, the main effector caspase of apoptotic cell death, in pancreatic islets isolated from PBS (control)-and KRV + pIC-treated rats. We observed a marked increase in the active (cleaved) form of caspase 3 at day 7 of KRV + pIC treatment, demonstrating that pancreatic islets undergo apoptosis before the development of insulitis in this virus-inducible diabetes model (Fig. 5) . Caspase 3 activation was also high at late stages. In contrast, only the inactive (uncleaved) form of caspase 3 was observed in islets from PBS-treated rats. To confirm apoptosis by a different method, we stained pancreas sections from control and treated rats for TUNEL. We found an increase in the numbers of TUNELpositive beta cells in the pancreas sections from KRV + pICtreated rats both before and during insulitis (ESM Fig. 3 ). Together with our caspase 12 results described above, these data demonstrate that pro-apoptotic ER stress and pancreatic beta cell death first occur before the insulitic event, suggesting a role for pathological ER stress in the very early stages of virus-induced diabetes.
PERK phosphorylation and the pro-apoptotic ER stress marker, CHOP, are highly increased in pancreatic islets only at the late, insulitic stage of diabetes induction We next examined the PERK pathway and found that PERK was present in islet lysates from both control and treated rats at similar levels. The active (phosphorylated) form of PERK was moderately increased at day 7, but the highest levels of activation were seen at days 11-14 when lymphocytic infiltration was occurring (Fig. 6 ). In addition we analysed the islet protein lysates for ATF4, a downstream transcription factor in the PERK pathway [19] , but we observed little difference in ATF4 expression in islets from control or KRV + pIC-treated rats (Fig. 7) . Activated PERK inhibits cellular mRNA translation by directly phosphorylating the eukaryotic translation initiation factor, eIF2α [4] ; eIF2α can also be phosphorylated by PKR, which is activated by double-stranded RNA such as synthetic pIC [20, 21] . We found that PKR expression in islets of KRV + pIC-treated rats trended higher at day 7, p =0.06 (Fig. 8) . We next analysed our islet protein lysates for eIF2α phosphorylation. However, immunoblot analysis of control and KRV + pIC-treated rat islets showed that they exhibited relatively (c) Immunofluorescence staining of frozen pancreas tissues; upper panels show staining with ATF4 (red) and insulin (green), lower panels show overlay with DAPI (blue) to visualise the nuclei. Representative immunofluorescence staining is shown; n =4 rats at each time point, at least three fields were examined for each rat. Magnification, ×40; scale bar, 30 μm similar levels of eIF2α phosphorylation (Fig. 9) . Together with our ATF4 results, these data suggest that pancreatic islets normally exhibit high physiological UPR activity.
We measured the expression of CHOP (CCAAT/-enhancer-binding-protein homologous protein), which is regulated by the PERK pathway and acts to induce apoptosis during prolonged ER stress [3, 19, 22, 23] . Immunoblot analysis of isolated islets revealed that CHOP expression was highly elevated only at the late stage during autoreactive T lymphocyte infiltration (Fig. 10a, b) . Concomitant with high levels of CHOP expression, we found marked reductions in the level of intracellular insulin (Fig. 10a) , consistent with significant beta cell dysfunction or death at this stage.
Expression and activation of ATF6 is not significantly affected by diabetes induction Finally, we examined the third major ER stress transducer, ATF6. Upon ER stress, ATF6 translocates from the ER to the Golgi where it is cleaved and then travels to the nucleus to activate transcription of downstream ER stress target genes [24, 25] . Immunoblot analysis of pancreatic islets isolated from control and KRV + pIC-treated rats showed high levels of ATF6 in both groups (Fig. 11a, b) ; nuclear translocation of ATF6 in beta cells was also similar in control and treated rats (Fig. 11c ). These data demonstrate that although pancreatic beta cells express robust levels of ATF6 (presumably a reflection of their high insulin load), the expression levels and activation (nuclear translocation) of ATF6 were not significantly altered with diabetes induction. 
Discussion
In this study we used the KRV + pIC-inducible BBDR rat model to investigate a role for pancreatic beta cell ER stress during the development of virus-induced type 1 diabetes. We systematically analysed the three major ER stress pathways and focused on early stages in diabetes development (days 4 and 7), before the development of histologically and immunologically detectable insulitis, and on a late stage (days [11] [12] [13] [14] corresponding to the onset and progression of insulitis, but before the development of diabetes. Here we report specific activation of the IRE1 pathway and its downstream component XBP-1 at early, pre-insulitic stages of diabetes development. Importantly, we found that pro-apoptotic caspase 12, a downstream effector of pathological IRE1 signalling, was also activated during this stage. These data demonstrate that pathological ER stress contributes to early-stage beta cell death well before the infiltration of autoreactive lymphocytes in this virus-induced model of type 1 diabetes.
Of note, viral infections have long been implicated as important factors in the aetiology and/or pathogenesis of type 1 diabetes in HLA-susceptible individuals [26] [27] [28] ; further, polymorphisms in the IFIH1 gene have been convincingly associated with type 1 diabetes [11, 29] . IFIH1 encodes for the interferon-induced helicase C domain-containing protein-1 that detects double-stranded RNA produced by certain viruses and mediates an antiviral response [30] . In the genetically susceptible BBDR rat the mechanism underlying the development of autoimmune diabetes following exposure to KRV infection remains incompletely understood. KRV infects lymphoid tissue but does not directly infect pancreatic islets [31, 32] ; cotreatment with pIC, a synthetic double-stranded RNA, greatly increases the incidence of diabetes [12, 33] . In the BBDR rat, KRV + pIC treatment causes a potent innate immune response mediated by Toll-like receptor proteins TLR9 and TLR3, respectively, and results in a rapid upregulation of multiple pro-inflammatory cytokines and chemokines [34] [35] [36] .
In our study, specific in vivo activation of IRE1 and its downstream effector XBP-1 occurred at early stages of diabetes induction when beta cells were exposed to these multiple pro-inflammatory cytokines and chemokines. This is consistent with earlier reports that in vitro exposure of beta cells to cytokines leads to the induction of ER stress [37, 38] . We also found increased levels of haem oxygenase-1 (HO-1), indicative of oxidative stress, in islet lysates from rats at days 4 and 7 of KRV + pIC treatment (data not shown). Prolonged exposure of the pancreatic islets of KRV + pIC-treated rats to these cytotoxic insults may underlie the transition to pathological ER stress and beta cell apoptosis [17] , as we also observed activation of pro-apoptotic caspase 12 specifically in beta cells during this early stage of diabetes induction. Indeed, although the human orthologue of caspase 12 is non-functional due to deleterious mutations in its open reading frame [39] , in rodents caspase 12 belongs to the subgroup of inflammatory caspases [40, 41] . Importantly, caspase 12 is the sole caspase localised to the ER and it is activated specifically through the IRE1 signalling pathway [17, 18] .
Caspase 12, in turn, is involved in the apoptotic cascade that activates the downstream effector caspase 3 [42, 43] . In our study, caspase 3 was activated at early stages of diabetes induction and, although we cannot rule out that other apoptotic pathways may also be involved in caspase 3 activation, our data suggest that pathological IRE1 signalling likely plays a contributory role in this early beta cell death. In support of this, we (and others) have recently reported that thioredoxin-interacting protein (TXNIP) is a possible link between pathological ER stress, especially via the IRE1 pathway, and inflammasome activation and IL-1β production, which in turn promote beta cell apoptosis [44, 45] . Indeed, consistent with these reports, IL-1β expression was detected in isolated islets of BBDR rats before the development of insulitis (day 7 of KRV + pIC treatment, data not shown). In an earlier report, we also found that exposure of beta cells to chronic hyperglycaemia in vitro caused IRE1 activation and an accompanying decrease in insulin production [46] . However, the initial activation of IRE1 in our current study was not a consequence of hyperglycaemia, as treated rats maintained normal blood glucose levels during this early stage of diabetes progression.
During the late insulitic stage of diabetes induction, activated caspase 12 remained elevated along with a dramatic induction of the pro-apoptotic protein CHOP. CHOP deletion has been shown to promote beta cell survival in several mouse models of diabetes, consistent with its pro-apoptotic function [23, 47, 48] . CHOP induction in our rat model primarily occurred only at late stages of diabetes induction, when lymphocytic infiltration was robust. Consistent with this, Tersey et al [11] recently reported that ER stress-responsive genes, including CHOP and active (spliced) XBP-1, were upregulated in the pancreatic islets of NOD mice during the insulitic stage, but before diabetes onset; this correlated with the decreased insulin production and relative glucose intolerance of the NOD compared with diabetes-resistant mouse strains. Interestingly, expression levels of CHOP were also increased in islets from individuals with type 1 diabetes compared with non-diabetic controls, although there was no difference observed in XBP-1 levels [10] .
Together, these data demonstrate that multiple ER stress pathways contribute to pancreatic islet destruction during infiltration of autoreactive lymphocytes.
In summary, we used the virus-inducible BBDR rat model to investigate in vivo ER stress signalling in pancreatic beta cells during development of autoimmune type 1 diabetes. Following diabetes induction, the IRE1 pathway and caspase 12 were specifically activated at early time points well before the development of insulitis. Our data support a scenario in which pathological IRE1-mediated ER stress signalling and activation of pro-apoptotic molecules contribute to early pancreatic beta cell damage, which may, in turn, release beta cell autoantigens that elicit or exacerbate the autoreactive immune attack and ultimately mediate the complete destruction of the beta cells [49] . This report highlights the IRE1 ER stress pathway as a unique target in the early initiation and progression of virus-induced type 1 diabetes.
